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Abstract
The photovoltaic effect in the BiFeO3/TiO2 heterostructures can be tuned by epi-
taxial strain and an electric field in the visible-light region which is manifested by
the enhancement of absorption activity in the heterojunction under tensile strain
and an electric field based on the first-principles calculations. It is suggested that
there are coupling between photon, spin carrier, charge, orbital, and lattice in the
interface of the bilayer film which makes the heterojunction an intriguing candidate
towards fabricating the multifunctional photoelectric devices based on spintronics.
The microscopic mechanism involved in the heterostruces is related deeply with the
spin transfer and charge rearrangement between the Fe 3d and O 2p orbitals in the
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vicinity of the interface.
1 Introduction
BiFeO3(BFO) has attracted much interests due to its coexistence of anti-
ferromagnetism and ferroelectricity at room temperature[1,2]. The spin cy-
cloid is suppressed in film and the G-type antiferromagnetic plane couples
to the ferroelectric displacement along the eight pseudocubic [111] diagonal
directions[3,4]. In order to make BFO as an candidate for application in fer-
romagnetic reversal controlled by electric field, heterostrutures of BFO are
proposed through the exchange bias coupling between the interface[5,6]. It is
worth mentioning that the photovoltaic properties observed in BFO makes it
an excellent candidate for application in solar cells due to its relative small
band gap of 2.67 eV[7]. The depletion layer separating the electrons and holes
which is caused by the ferroelectric domain walls and proposed to be about
1-2 nm while the classical p-n junction semiconductor often has a separating
layer of micrometer-thick[8]. This ferroelectrics-based bulk photovoltaic effect
provides a new way for designing solar cells with higher photovoltage which
is larger than the band gap of the ferroelectrics. Anatase TiO2(TO) is well
known as a promising candidate for photocatalyst, photovoltaic applications,
and nanostructured solar cells due to its optical absorption in surface[9,10].
Ti plays an important role in stabilizing the ferroelectricity and insulating
properties in BFO samples[11] as shown in our previous study[12]. Therefore
heterostructures composed by BFO/TO is expected to perform some novel
coupling effect in the interface and spin transfer properties as discussed in
our preceding work[13,14]. The tetragonal phase of BFO film as in Ref. [1]
was adopted in the heterostructures owing to its simplicity having only two
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polarized directions other than the eight pseudocubic directions in rhombohe-
dral phase although these two phases were reported in the morphortropic
phase boundary in strained BFO films[15]. The optical properties for the
BFO/TO bilayer would be tuned by strain as was proposed in BFO films[16],
as well as an electric field associating with the ferroelectric polarization and the
domain wall rearrangement. We used density functional theory(DFT) based
first-principles calculations to investigate the optical and spin transfer prop-
erties of the BFO/TO heterojunctions with compressive and tensile stress as
well as an external electric field. The heterojunctions can be grown on the
SrRuO3(SRO)/SrTiO3(STO) layers and has a lattice parameter of 3.935 A˚[1]
and the different strained layers would be achieved by choosing an appropriate
substrate. The anatase TO has a lattice parameter of 3.782 A˚[10] so that the
strain can be changed to -4% according to the lattice mismatch between TO
and BFO, and we also increase the parameter and introduce the tensile strain
of 2% to investigate the effect for the opposite trend. The Fe-O2 interface layer
for the BFO film is calculated to be the favorable structure as the Bi-O layer
fails to be converged so that a p-type heterojunction is formed. We applied an
uniform electric field across the film to study the electric field tuned optical ab-
sorption properties. An increasing absorption spectrum as well as photon-spin
coupling effect, rather than the traditional spin-orbital-lattice-charge coupling
effect in multiferroics, would be expected in this p-type heterostructures. In-
deed we found an increased optical absorption effect caused by the tensile
stress as well as the external electric field, and this is related deeply to the
increased spin polarization near the interface.
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2 Computational details
We used the local spin density approximation(LSDA) to DFT scheme with
an uniform energy cutoff of 500 eV as in our previous work [14,17]. We con-
sidered Bi 5s, 5p, and 6s electrons, Fe 3s, 3p, and 3d electrons,Ti 3s, 3p,
and 3d and O 2s and 2p electrons as valence states. 6 × 6 × 1 Monkhorst-
Pack sampling of the Brillouin zone were chosen for the relaxation process
while it is increased to 20 × 20 × 1 to insure the convergence for the total
energy calculation. We used the slab model to construct (0 0 1) surface for
this bilayer structure while a same vacuum thickness was created to avoid
the influence caused by the periodic boundary condition. The relaxation was
carried out as the forces on the ions were less than 0.02 meV/A˚. The anti-
ferromagnetic(AFM) spins is perpendicular to the polarization direction to
model the G-type AFM spin configuration in the rhombohedral bulk phase of
BFO while the ferromagnetic spins were considered to determine the stable
spin states without considering about the spin-orbit coupling(SOC) and non-
collinear magnetism. We have introduced the on-site Coulomb interaction by
adding a Hubbard-like term to the effective potential in that DFT+U scheme
can describe precisely an appropriate band gap for the strongly correlated
transition metal oxides[18,19,20], and it is susceptible to the Dzyaloshinskii-
Moriya interaction(DMI)[21,22] and consequently the absorption spectrum. A
saw-tooth like external electric potential[14,17,23,24] has been used as
Vext(r) = 4pim(r/rm − 1/2), 0 < r < rm (1)
where m is the surface dipole density of the slab, rm is the periodic length
along the direction perpendicular to the slab. We used electric field of 0.1 V/A˚
for the bilayer film due to the restoring forces and overshoot in the iteration
process as electric field is beyond that value[14,17].
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3 Results and discussion
In terms of calculating the optical spectra, the imaginary part of the dielectric
tensor is determined by the summation over the conduction band states[25]
ε′′ij(ω) =
4pi2e2
Ω
lim
q→0
1
q2
∑
c,v,k
2wkδ(εck−εvk−ω)× < uck+eiq|uvk >< uck+ejq|uvk >∗,
(2)
where c and v denote the conduction and valence band states, respectively.
Kramers-Kronig transformation is used to derive the real part of the dielectric
tensor
ε′ij(ω) = 1 +
2
pi
P
∫ ∞
0
ε′′ij(ω
′)ω′
ω′2 − ω2 + iηdω
′. (3)
The corresponding absorption spectrum was obtained by the following expres-
sion:
I(ω) = 2ω
(
(ε′2(ω) + ε′′2(ω))1/2 − ε′(ω)
2
)1/2
, (4)
where I is the optical absorption coefficient, and ω is the angular frequency.
The absorption spectrum of BFO/TO heterostructures subject to negative
and positive strain ranging from -4% to 2% was reported in Fig.1 (a). The
absorption curves for the free-standing BFO and TO film are also shown in
the graph. In the visible-light region, it is clear that the optical absorption
is increasing with the increased lattice parameter in plane and strain, lead-
ing to the dramatically enhanced absorption rate for tensile strain of 2% and
the lowest one for compressive strain of -4%. DFT+U calculations predict a
decreased absorption ratio associating with the increased band gap, and the
variation of spectrum presents the same trend with a constant U. Therefore
only the DFT calculated results were given in the following section. In compar-
ison with the heterojunctions, BFO performs the highest optical absorption
activity while TO behaves the lowest absorption rate in the visible-light re-
gion. However an opposite trend was found in the ultraviolet(UV)-light region.
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Anatase TO possesses the highest absorption activity in the UV-light region
which is consistent with the photocatalytic activity[26,27,28] and absorption
properties in the UV-light region while the tensile strained heterojunction has
the lowest optical absorption properties. Therefore strain can be used to tune
the photovoltaic effect for the BFO/TO heterostructures in the visible-light
and UV-light region, respectively. In order to understand the strain driven
mechanism in the photovoltaic effect, the plane-averaged electrostatic poten-
tial across the film were calculated for the heterostructures with compressive
and tensile strains in Fig.1(b). It is worth pointing out that distance between
Ti-O2 and Fe-O2 layers in the interface of tensile strained bilayer film is en-
larged while the Fe-O2 and Bi-O distance is lowered in comparison with the
case in the compressive strained films, leading to the decreased potential drop
across the Fe-O2 and Bi-O layers near the interface. The macroscopic averaged
potential was also shown in Fig.1 (b) to shed light on the seperating ability
of the electron-hole pairs for the different strain-tuned heterojunctions. It is
clearly seen that the holes and electrons can be effectively separated by the
large potential drop across the interface and BFO layer in the tensile strained
film in contrast to the small potential drop around the vicinity of the inter-
face in the film subject to compressive stresses, resulting in the large amount
of charge carriers positioned around the seperating layer and the large ab-
sorption activity in the visible-light region for tensile strained heterostructure
shown in Fig.1(a). This agrees well with the 71◦ domain walls driven photo-
voltaic behavior in ferroelectric BFO film where the photovoltage produced
by the potential drop over 71◦ walls in series is significantly bigger than the
bandgap[8].
To demonstrate additional degree of control of photovoltaic effect in the het-
erojunction, a saw-tooth like potential has been applied across the film. A
further enhancement of absorption in the visible light region is able to be
7
found in the tensile strained film under an electric field. The corresponding
optical absorption spectrum and plane-averaged electrostatic potential were
reported in Fig.2 (a) and (b), respectively. The absorption curve is lowered in
the UV-light region as well as the region from 400 to 500 nm while it is en-
hanced in the lower energy part of the visible-light region. Eventually, electric-
field controlled photovoltaic properties have been achieved for BFO/TO het-
erostructure in the UV and visible-light region, respectively. The Fe-O2 and
Bi-O layers move slightly under the electric field of the order 0.1 V/A˚ along
the ferroelectric polarization. However, the external electric field is able to
produce charge carriers in the vicinity of the surface as shown in Fig.2 (b),
leading to the increased optical absorption activity in the visible-light region.
The calculated differences in total energy for AFM configurations relative to
that for ferromagnetic(FM) configurations for different strained heterostruc-
tures were shown in Table 1. It is apparent that the FM spins change to AFM
ones as the tensile strain is achieved to be 2%. The plane-averaged spin den-
sity for heterostructures with strain of the order 0% and 2% were reported in
Fig.3 (a) and (b), respectively. The spin density for Fe2, O9, Fe1, and O12
are given in the inset of Fig.3 (a). The spin density of Fe2 is bigger than Fe1
while O9 possesses a larger magnetization compared to O12, indicating there
are spin carriers transfer in the vicinity of the interface between BFO and TO
layers. Spin-up carriers tend to transport to the interface and result in the
enhanced magnetization for Fe2 and O9. Meanwhile the presence of magne-
tization in O9 and O12 indicates the spin-up carriers are transferring along
the ferroelectric polarized direction and towards the interface. As the in plane
parameter is increased to 4.011A˚, magnetization of Fe2 and O9 are reversed
to the opposite direction while the Fe1 and O12 still remain the original spin
direction, leading to the AFM structure in tensile strained film shown in Fig.3
(b). Combined with the enhancement of photovoltaic effect, this behavior fur-
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ther implicates that there exists coupling between the photon, spin carriers,
charge, and lattice distortion in the interface of the BFO/TO heterostructure
and provides a possible ferroics coupling mechanism in the interface which is
consistent with our previous work[14].
In order to demonstrate the charge transport along the Fe2-O9-Fe1-O12 chain
along the ferroelectric polarized direction, the partial density of states(PDOS)
for Fe 3d and O 2p of tensile strained bilayer film were plotted in Fig.4.
Compared to O12, the manifold of O9 2p density of states are shifting down
and positioned around 5 eV, hybridizing with Fe2 3d states in the energy
range. The hybridization and charge rearrangement between Fe2 3d and O9
2p orbitals present the photon and ferroics coupling mechanism associated
with spin carriers transport in the BFO/TO interface, and the coupling effect
is decreased for Fe-O chains away from the interface. The charge transfer
in the interface agrees well with the case in the well-studied LaAlO3/STO
heterostructure[29,30,31]. In addition, a half-metallic behavior is observed for
Fe2 in the interface which can be used for designing novel photoelectric devices
based on spintronics,and the half-metallic properties are caused by the spin
carriers transfer in the bilayer film interface.
4 Conclusion
DFT-based first-principles calculations show that the absorption spectrum
of BFO/TO heterojunction with tensile strain in the visible-light region is
enhanced while it is decreased in the UV-light region. A similar phenomenon
is able to be observed in the bilayer film under an electric field. FM structure
is changing to AFM one under tensile strain implying the coupling between
charge carriers and photon. The coupling and the increased magnetization of
9
the atomic layer in the interface are caused by the charge rearrangement and
orbital hybridization between Fe 3d and O 2p orbitals.
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Table 1
Differences in total energy for AFM configurations relative to total energy for
ferromagnetic(FM) configuration for different strained heterostructures
ε(%) -4 -2 0 2
∆E(eV) 0.199 0.161 0.001 -0.076
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Figure Captions:
Fig.1 (a)The optical absorption curves for BFO/TO heterostructures under
different compressive and tensile strains, as well as the BFO and TO films.
(b)Plane-averaged electrostatic potential with compressive strain of the
order -4% and tensile strain as great as 2%, respectively. The vertical line
indicates the atomic layers in the heterostructures, and the red line denotes
the macroscopic average with the oscillations on the scale of one unit cell.
Fig.2(a)The optical absorption curves for tensile strained heterostructures
before and after applying an electric field. (b)Plane-averaged electrostatic
potential for tensile strained film before and after applying an electric field,
respectively. The vertical line indicates the atomic layers in the
heterostructures, and the red line denotes the macroscopic average with the
oscillations on the scale of a unit cell.
Fig.3 Distribution of magnetization across the bilayer film averaged over the
plane parallel to the film (a)before and (b)after exerting tensile stress. The
inset in (a) shows the spin density profile.
Fig.4 PDOS of (a)Fe2 3d, (b)O9 2p , (c)Fe1 3d, and (d)O12 2p for tensile
strained BFO/TO bilayer film. The vertical dashed line indicate the Fermi
level.
14
Fig. 1. (a)The optical absorption curves for BFO/TO heterostructures under
different compressive and tensile strains, as well as the BFO and TO films.
(b)Plane-averaged electrostatic potential with compressive strain of the order -4%
and tensile strain as great as 2%, respectively. The vertical line indicates the atomic
layers in the heterostructures, and the red line denotes the macroscopic average
with the oscillations on the scale of one unit cell.
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Fig. 2. (a)The optical absorption curves for tensile strained heterostructures before
and after applying an electric field. (b)Plane-averaged electrostatic potential for
tensile strained film before and after applying an electric field, respectively. The
vertical line indicates the atomic layers in the heterostructures, and the red line
denotes the macroscopic average with the oscillations on the scale of a unit cell.
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Fig. 3. Distribution of magnetization across the bilayer film averaged over the plane
parallel to the film (a)before and (b)after exerting tensile stress. The inset in (a)
shows the spin density profile.
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Fig. 4. PDOS of (a)Fe2 3d, (b)O9 2p , (c)Fe1 3d, and (d)O12 2p for tensile strained
BFO/TO bilayer film.The vertical dashed line indicate the Fermi level.
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